The objective of this study was to elucidate the effect of chemical structure and composition of the polymer matrix on the degree of vinyl conversion (DC) of copolymers (unfilled resins) and their amorphous calcium phosphate (ACP) composites attained upon photo-polymerization. The DC can also be an indicator of the relative potential of these polymeric materials to leach out into the oral environment un-reacted monomers that could adversely affect their biocompatibility. The following resins were examined: 1) 2,2-bis[p-(2′-hydroxy-3′-methacryloxypropoxy)phenyl]propane (Bis-GMA)/triethylene glycol dimethacrylate (TEGDMA) (1:1 mass ratio; BT resin) combined with hydroxyethyl methacrylate (HEMA; BTH resin) and with HEMA and zirconyl dimethacrylate (BTHZ resin), 2) urethane dimethacrylate (UDMA)/HEMA resins, and 3) pyromellitic glycerol dimethacrylate (PMGDMA)/TEGDMA (PT resin). To make composite specimens, resins were mixed with a mass fraction of 40 % zirconia-hybridized ACP. Copolymers and their composites were evaluated by near infra-red spectroscopy for DC after 1 d and 28 d post-cure at 23 °C. Inclusion of HEMA into the BT and UDMA resins yielded copolymers and composites with the highest DCs. The significantly lower DCs of PT copolymers and their composites are attributed to the rigid aromatic core structure, tetra-vinyl functionality and limited methacrylate side-chain flexibility of the surface-active PMGDMA monomer. There was, however, an increase in the 28 d DC for the PT materials as there was for the BTHZ system. Surprisingly, the usual decrease observed in DC in going from unfilled polymer to composite was reversed for the PT system.
Introduction
For the last decade our research has focused on utilizing the relatively high solubility of amorphous calcium phosphate (ACP) and its ready conversion to a stable apatitic mineral (1) in formulating bioactive polymer-based composites for a variety of potential dental applications (2) (3) (4) (5) . ACP's bioactivity is seen as particularly advantageous in enhancing the prophylactic performance of such composites by preventing tooth demineralization or by actively promoting remineralization (6) .
When ACP is embedded as filler in certain types of polymeric matrices derived from the ambient polymerization of acrylic monomers and the resulting composites are subsequently exposed to aqueous milieu, significant levels of calcium and phosphate ions are released in a sustained manner over long time periods. Given the nature of the ACP filler phase; it is not surprising that the overall mechanical properties of these ACP composites are inferior to conventional, bioinert, silanized-glass-filled dental composites. Glass fillers are mechanically stronger and more resistant to the aqueous environment than the porous, degradable ACP. Additionally, the silane-derived interfacial phase of the glass fillers promotes chemical binding to the polymeric phase, thereby, reinforcing the polymer matrix of the composite. In an effort to improve the mechanical and overall physicochemical performance of ACP composites, several studies were performed to better comprehend the relationship between mechanical strength of the composites, the chemical structure/composition of the resin and the type of the ACP filler utilized (7, 8) . The use of zirconia-hybridized ACP (Zr-ACP) rather than unmodified ACP yielded composites with moderately improved mechanical strength (3) (4) (5) . It was previously shown that the chemical structure and composition of certain types of resin matrices affected the ion release and water uptake of composites but had very little effect on the polymerization shrinkage and the mechanical stability of specimens upon aqueous exposure (4, 5, 7) .
The overall objective of this study was to assess the effect of the chemical structure and resin matrix composition on the degree of vinyl conversion (DC), of the unfilled copolymers and their corresponding Zr-ACP composites. Zr-ACP was formulated into composites based on several different matrices containing as base resins 2,2-bis[p-(2′-hydroxy-3′-methacryloxypropoxy)phenyl] propane (Bis-GMA), urethane dimethacrylate (UDMA) or pyromellitic glycerol dimethacrylate (PMGDMA), with co-monomers such as triethylene glycol dimethacrylate (TEGDMA), 2-hydroxyethyl methacrylate (HEMA) and zirconyl dimethacrylate (ZrDMA). The DC attained upon polymerization of these resin matrices can affect the mechanical strength of composites and may sometimes be taken as an indicator of the potential leachability of unreacted monomeric species, and, in turn, the biocompatibility of the composites (4, 9) . Three types of surface-active monomers were investigated in formulating the resin matrices: 1) the mono-functional hydroxylated monomer, HEMA, that was introduced into Bis-GMA and UDMA resins, 2) ZrDMA that was introduced along with HEMA into Bis-GMA, and 3) the tetra-functional carboxylic monomer, PMGDMA, that was introduced into an equal mass of TEGDMA. A hypothesis tested was that HEMA-containing matrices would yield materials with higher DCs compared to the non-HEMA resins.
Materials and Methods

Synthesis and characterization of Zr-ACP filler
Zr-ACP precipitated instantaneously in a closed system at 23 °C upon rapidly mixing equal volumes of a 800 mmol/L Ca(NO 3 ) 2 solution, a 536 mmol/L Na 2 HPO 4 solution that contained a mole fraction of 2 % Na 4 P 2 O 7 (a stabilizing component for ACP (10) ) and an appropriate volume of a 250 mmol/L ZrOCl 2 solution (mole fraction of 10 % ZrOCl 2 based on Ca (NO 3 ) 2 ). The reaction pH varied between 8.6 and 9.0. The suspension was filtered, the solid phase washed subsequently with ice-cold ammoniated water and acetone, and then lyophilized. To prevent exposure to humidity, Zr-ACP was kept under vacuum (2.7 kPa) until utilized for composite preparation.
The amorphous state of the filler was verified by powder X-ray diffraction (XRD: Rigaku Xray diffractometer, Rigaku/USA Inc., Danvers, MA, USA) and Fourier-transform infrared spectroscopy (FTIR: Nicolet Magna-IR FTIR System 550 spectrophotometer, Nicolet Instrument Corporation, Madison, WI, USA). Morphology/topology of the filler, after the specimen was sputter-coated with gold, was examined by scanning electron microscopy (SEM; JSM-5400 instrument JEOL Inc., Peabody, MA, USA). Zr-ACP's particle size distribution (PSD) was determined by gravitational and centrifugal sedimentation analysis (SA-CP3 particle size analyzer, Shimadzu Scientific Instruments, Inc., Columbia, MD, USA) following dispersion of the solid in isopropanol and 10 min ultrasonication. Water content of the filler was determined by thermogravimetric analysis (TGA; Perkin Elmer 7 Series Thermal Analysis System, Norwalk, CT, USA). The TGA measurements (3 separate runs) were performed by heating (5 to 10) mg of powdered Zr-ACP at the rate of 20 °C/min over a temperature range of (30 to 600) °C in air. The relative amounts of surface or loosely bound water (the mass loss over the 23 °C to 125 °C interval) and structurally incorporated water (the mass loss over the 150 °C to 600 °C interval) were determined from TGA thermal curves. Ca/PO 4 ratio of the solid after dissolution in HCl was calculated from solution calcium and phosphate concentrations values measured with spectrometric methods (UV/VIS Carey Model 219 spectrophotometer, Varian Analytical Instruments, Palo Alto, CA, USA) (11, 12) .
Formulation of methacrylate resins
The experimental resins were formulated from the commercially available dental monomers and the components of the photo-initiator system listed in Table 1 Table 2 .
Three types of Bis-GMA/TEGDMA resins based on 1:1 by mass mixtures of Bis-GMA/ TEGDMA were formulated (assigned BT, BTH and BTHZ resins). The level of HEMA comonomer in Bis-GMA resin series was chosen to correspond to its concentration in the Bis-GMA-based resins that resulted in high bioactivity (ion release) of the corresponding ACP composites (2, 4) . Resins based on UDMA, monomer reportedly being more reactive than Bis-GMA (13), were formulated with lower levels of HEMA (U0H, U66H and U132H matrices containing 0 %, 6.6 % and 13.2 % by mass fraction HEMA, respectively). The PT resin consisted of equal masses of the viscous, multifunctional PMGDMA and the low-viscosity TEGDMA.
Bis-GMA-and UDMA based resins were photoactivated by the inclusion of CQ and 4EDMAB (Fig. 1b) as photo-oxidant and photo-reductant, respectively. These resin/initiator systems had excellent storage stability and yielded well-polymerized materials. The simplified oxidationreduction reaction is shown in Fig. 2a . The amine derived radicals constitute the major initiating radicals. They are formed by electron transfer-hydrogen abstraction reactions involving the excited complex that forms between CQ and the amine. In the PT series, 369 IRGACURE, 4265 DAROCUR and CQ (Fig. 1b) were selected as the photoinitiator system to enhance photopolymerization and possibly circumvent storage instability that usually is encountered with the use of CQ and 4EDMAB in the resins containing acidic monomers (4) . In this case the initiator radicals are produced primarily by a homolytic photo-cleavage although there also may be a minor redox mechanism involved. In any case the ternary component photoinitiator system shown in Fig. 2b yielded resin systems with acceptable storage stability and adequate cure characteristics.
Degree of vinyl conversion (DC)
The near FTIR spectroscopic (NIR) method (14) was employed to determine the DC of copolymers (unfilled resins) and composites specimens. The 6165 cm −1 absorption band was used to assess the conversion in paired monomer and polymer spectra of individual samples. The NIR spectra were obtained from 64 co-added scans at four wave-number resolution with the same instrument as used for the FTIR screening of Zr-ACP solids. For the NIR scanning, the spectrophotometer was configured with a white light source, a CaF 2 beam splitter and an InSb detector.
The NIR spectra of uncured copolymers were collected in a yellow light (flux intensity <753 lux (15)) illuminated room to prevent the unwanted polymerization due to the exposure of the light-sensitive resin to the near UV -blue portion of the spectrum. Teflon molds (diameter = (3.0 to 3.3) mm; thickness = (4.9 to 5.1) mm) were put on a bottom glass slide, filled with resin, covered with a top glass slide and the assembly positioned in a standard sample holder with a 5 mm diameter opening and finally scanned. Each face of the mold assembly was then irradiated for 120 s with visible light (Triad 2000, Dentsply International, York, PA, USA). NIR spectra of cured copolymers were obtained after 1 d (all resins) and also at 28 d for the BTHZ and PT formulations post-cured at 37 °C in the dark.
Composite pastes were prepared by mixing the various resins (Table 2 ; 60 % by mass fraction) and the Zr-ACP filler (40 % by mass fraction) by hand spatulation (under yellow light (15)). After mixing the resins with Zr-ACP, the pastes were kept under a moderate vacuum (2.7 kPa) at 23 °C for 24 h to eliminate the air entrained during mixing. To collect the spectra of the uncured composites, the pastes were molded into disks (diameter = (15.8 to 19.8) mm; thickness = (1.6 to 1.8) mm) by filling the circular openings of flat Teflon molds, covering each side of the mold with a Mylar film plus a glass slide. The assembly was positioned in a standard FTIR sample holder and the NIR spectrum of the uncured composite obtained. The disks were then photo-polymerized (irradiating conditions identical to those for the copolymer specimens), post-cured for the predetermined time intervals and their spectra collected.
After collecting the NIR spectra, the cured copolymer and composite specimens were disassembled, removed from the molds and their thickness measured by micrometer. By measuring the thickness of monomer/polymer specimens the need to use an invariant absorption band as an internal standard was circumvented. DC (%) was calculated from the decrease in integrated absorption peak area at 6165 cm −1 /specimen thickness values utilizing the following formula: [1] Number of replicate samples in each experimental group was n ≥ 5.
Statistical data analysis
One standard deviation (SD) is given in this paper for comparative purposes as the estimated standard uncertainty of the measurements. Experimental data were analyzed by ANOVA (α = 0.05). Significant differences between specific groups were determined by all pair-wise multiple comparisons (two tail t-test; unequal variances).
Results
The amorphous state of the filler employed in this study was verified by XRD and FTIR. The two diffuse, broad bands typically seen in the XRD spectrum of ACP and the two wide absorption bands in the phosphate stretching region [(1200 to 900) cm −1 ] and the phosphate bending region [(630 to 500) cm −1 ] in the typical FTIR spectrum of ACP have been published previously (4,7) and are not shown here. Results of particle size distribution analysis indicate highly heterogeneous ACP particles ranging from sub-μm up to 80 μm values (expressed as the equivalent spherical diameter). Existence of polydispersed aggregates was confirmed by SEM observations; typical morphological/topological features are shown in Fig. 3 . The median diameter (d m ) and the specific surface area (SSA) of the Zr-ACP filler calculated from the 3 independent PSD measurements were: d m = (7.2 ± 1.8) μm and SSA = (0.52 ± 0.20) m 2 /g. Total water content of the powder was a mass fraction 14.9 %, of which approximately 2/3 corresponded to the surface-bound (mobile water) while the remaining 1/3 was structurally incorporated. The Ca/PO 4 ratio of the filler was 1.89 ± 0.10.
The composite paste typically looked as shown in Fig. 4a . An image of the same sample after the photo-curing clearly reveals the non-homogeneity of filler's distribution throughout the composite disk specimen (Fig. 4b) . The same pattern was observed in all of the investigated systems regardless of the resin type.
The exemplary NIR spectra of the uncured and cured BT copolymer specimen are shown in Fig. 5 . The results of the DC screening of copolymers and composites for all experimental groups are summarized in Figs. 6-9 . The analysis of 24 h post-cure DC data in Bis-GMAbased matrices (Fig. 6) revealed the following. The binary, non-HEMA copolymer and composite specimens attained significantly lower conversion ((85.4 ± 2.5) % and (82.1 ± 4.1) %, respectively) than HEMA-containing copolymers and composites (average for BTH and BTHZ formulations: (92.1 ± 2.7) % and (87.2 ± 5.0) %, respectively). A small, but significant reduction in DC (3.8 % to 5.6 %) was observed in all Bis-GMA based composite specimens compared to their corresponding copolymer samples. HEMA had the same effect on the attained DC levels in UDMA-based resin matrices (Fig. 7) . The increases in DC (83.9 %, 88.6 % and 90.8 % for U0H, U66H and U132H resins, respectively) with the increasing levels of HEMA were found to be significant for all copolymer specimens. Also significant were the differences in the DC of U0H composites (82.2 %) and both U66H (87.3 %) and U132 (89.0 %) composites. The observed reduction (1.4 % to 2.1 %) in DC of UDMA composite specimens compared to the corresponding copolymers was significant only for U132H formulations. The average DC attained in 24 h post-cure PT copolymer and composite specimens was 66.6 % and 71.8 %, respectively (Fig. 8) . These values are between 21 % and 28 % lower than the DC obtained in Bis-GMA and UDMA copolymer series and between 13 % and 19 % lower than the DC values of Bis-GMA and UDMA composites. However, a surprising finding was the higher DC value of the PT composite compared to the PT copolymer The effect of post-curing time on the DC in PT and BTHZ resin matrices is presented in Figs. 8 and 9, respectively. In both systems DC increased significantly with aging. The extent of the increase was higher in PT matrices (15.7 % for copolymers and 16.3 % for composites) compared to BTHZ resins (5.2 % for copolymers and 8.4 % for composites). Again, a reversal was noted in the usual order of relative DC values [copolymer = composite] for the PT materials [composite > copolymer].
Discussion
The resin systems containing HEMA, i.e., the BTH, BTHZ, U66H and U132H resin, showed the highest DC in both unfilled copolymers and composites, probably because of the high diffusivity and mono-functionality of HEMA. The effect is expected to become more dominant as the HEMA content increases; such a trend was indeed seen in the UDMA resin series. A similar effect DC-enhancing effect has been reported for Bis-GMA based resins that contained hydroxypropyl methacrylate (HPMA; a monomer homologous to HEMA) as a diluent comonomer (16) . Introduction of HPMA had no adverse effect on the volumetric polymerization shrinkage (PS) of the resins. It is, theoretically, expected that high DC would result in elevated PS values, leading to the formation of unwanted gaps and stress sites both within the composite and at the composite/tooth boundary (17) (18) (19) . UDMA resins were previously screened for PS by utilizing computer-controlled mercury dilatometry (4) . As the DC of U0H, U66H and U132H composites increased with the increasing HEMA content, their PS also increased from (4.2 ± 0.5) vol % to (5.6 ± 0.3) vol % to (6.4 ± 0.5) vol %, respectively. The relatively high PS of these composites may help promote micro-leakage and, therefore, compromise the potential clinical application of these composites despite their favorable DC levels.
The relatively lower DC of the PT copolymer and its composite compared to those derived from Bis-GMA and UDMA based matrices is primarily attributed to the chemical structural characteristics of PMGDMA (20) . Probably most of the residual vinyl un-saturation is in the form of pendant vinyl groups attached to the polymer matrices rather than unreacted PMGDMA. Any residual monomer is more likely to be in the form of TEGDMA. PMGDMA has rigid aromatic core structure with relatively non-flexible side chains that have two types of reactive functional groups, four vinyl and four carboxylic both leading to its limited ability to form highly converted cross-linked networks. Furthermore, PMDGMA's carboxylic groups exhibit strong hydrogen bonding interactions and even ionic binding reactions with the ACP filler limiting its diffusion and participation in polymer network formation. These structural factors may slow the polymerization kinetics and cause vitrification of the PT resin at relatively low DCs. To limit the effect of excessive ionic bonding interactions with ACP, enhance DC of the network matrix, optimize intracomposite adhesion and bonding to tooth structure, resin formulations should contain significantly reduced levels of PMGDMA. The actual amounts should be determined by a battery of physicochemical tests involving, besides the DC screening, the mechanical strength measurements, shear bond strength assessments to tooth structure and remineralization potential evaluation. The latter parameter is of particular importance since the PT polymeric matrix can bind calcium released from ACP/PT composites upon aqueous exposure, therefore compromising their remineralizing ability (21) .
For the Bis-GMA and UDMA based polymeric materials, the observed reduction in DC in going from copolymer to composite is most likely due to the reduction in exotherm of resin polymerization by the filler phase. However, other factors such as greater air entrapment and light scattering (facilitated in part by the highly heterogeneous particle size distribution of the ACP filler) also may contribute to this reduction. The significant reverse trend observed in PT copolymers and composites could be explained by strong, intermolecular hydrogen bonding and by the greater affinity of PMGDMA co-monomer's acid functionalities for ACP filler resulting in higher interfacial conversion of methacrylate groups (because of the favorable alignment of some of these groups for copolymerization with TEGDMA) compared to the other copolymer systems.
Presumably, the increase in DC observed after 28 d is probably a result of the diffusion of the more mobile TEGDMA rather than the relatively immobilized PEGDMA to PT copolymer network. However, the ability of the highly surface-active PEGDMA to form strong hydrogen bonds in the developing copolymer matrix, and also to strongly interact ionically with ACP, can cause a more favorable alignment of its vinyl groups that may promote significant postcure leading to the dramatic increase in DC after 24 h and 28 d. A similar but somewhat less dramatic increase in DC for the copolymer and composite based on BTHZ matrix also occurred after 24 h, which may be partially due to the surface-active nature of ZrDMA.
Another factor that may affect the DC results is the different initiator system used in the PT resin compared to the usual CQ/4EDMAB redox photo-initiator.
Numerous factors apparently affect the DC and, consequently, the development of contraction stresses in dental composites. These factors can be separated into material formulation factors (monomer chemistry, monomer structure, filler type, filler content) and material polymerization factors (polymerization rate, type and concentration of the photoinitiator system, curing method, etc.). Different approaches have been proposed to address the great complexity of this problem (18, 19, (22) (23) (24) (25) . It is known that DC, elastic modulus, curing rate and the boundary conditions all considerably affect the magnitude of the contraction upon polymerization. It is, however, difficult to prepare copolymer and/or composite formulations that can successfully isolate only one variable. As an example, if one modifies the content of the filler to vary the elastic modulus, the polymerization shrinkage will be affected due to the altered resin content. Or, by simply varying the curing time the DC of copolymers and composites will typically be affected. Therefore, it appears that only a comprehensive physicochemical screening that includes a battery of physicochemical tests (polymerization shrinkage and stress development, mechanical property evaluation, ion release profile, and water sorption, in addition to DC assessment) could lead to reliable conclusions regarding the clinical utility of newly designed experimental dental materials. Hence, the DC data described in this study should only be taken as one predictor of the expected material's behavior under physiological/oral conditions. The true test of the effectiveness of the structure/property approach must comprise a wider spectrum of property assessments, including, ultimately, clinical trials. In future studies we plan to determine if significant amounts of residual resins are present in the polymerized specimens. Long-term immersion of the various specimens in good solvents for the resin matrix phase followed by analysis of extractables by liquid chromatography, Fourier-transform infrared spectroscopy and/or nuclear magnetic resonance spectroscopy will be used. Similar studies employing aqueous immersion media also will be utilized if significant leachables are found after the immersion experiments in organic solvents.
Conclusions
The DC attained in copolymers (unfilled resins) and their corresponding Zr-ACP composites strongly depended on the compositional makeup of the matrix, especially the chemical structure of the surface active monomers utilized to formulate the resin. The inclusion of HEMA, a surface-active, mono-functional co-monomer of low viscosity into Bis-GMA/ TEGDMA and UDMA resins helped in attaining higher levels of DC. The 24 h DC attained in the resins containing the surface-active PMGDMA and TEGDMA was lower than that of the Bis-GMA and UDMA resins due to the PMGDMA's high viscosity, rigid aromatic core structure, low side-chain flexibility and poor diffusivity due to the highly polar character of its carboxylic acid groups, especially after interaction with ACP. The ability of the carboxylic groups of PMGDMA monomer to strongly hydrogen bond during formation of the matrix and also strongly interact with Zr-ACP probably accounts for the significant increase in DC after 28 d post-cure for both the copolymer and its composite. It is not understood at this point why the conversion of the PMGDMA/TEGDMA composite exceeded that of the unfilled copolymer but it may indicate that PMGDMA reacts with ACP to favorably align its methacrylate so that copolymerization and, therefore, DC is enhanced. A similar but less dramatic enhancement of DC with post-cure was observed for copolymers and their composites derived from a resin containing Bis-GMA, TEGDMA, HEMA with a small amount of the highly polar, surfaceactive zirconyl dimethacrylate. Chemical structure of the monomers (a) and the components of photoinitiator systems (b) employed in the study. Scanning electron microscope image of Zr-ACP utilized in the study. Optical photograph of the uncured (a) and cured (b) BTHZ composite specimen. Numerous defects/voids seen in the cured composite disk are also seen in UDMA and TP specimens. The exemplary NIR spectra of the uncured and cured Bis-GMA/TEGDMA unfilled resin (copolymer) specimen; the calculated degree of conversion, DC = 83.3 %. Degree of vinyl conversion (DC; mean + standard deviation (SD; indicated by bar)) of Bis-GMA specimens (copolymers and composites) attained 24 h after photo-curing. The number of specimens in each experimental group n ≥ 5. DC of UDMA-based copolymers and composites (mean + SD) attained 24 h after photo-curing. Number of specimens n = 8/group. Effect of post-curing time on DC attained in an unfilled and ACP-filled Bis-GMA-based matrix. Effect of post-curing time on DC attained in an unfilled and ACP-filled TP matrix. Table 2 Composition (mass fraction %) of experimental resins evaluated in the study. 
